Abstract --This paper reviews state-of-the-art in variablespeed operation of hydropower plants, the focus being on pumped-storage hydro. Relevant literatures are reviewed to address the benefits of variable-speed operation to both power system and hydropower plants. Two main configurations (i.e. DFIM and CFSM) to enable variable-speed operation are discussed and compared. Addressing the technology status and energy policies in the past, present and future, the paper points out how motivation, services, value and technology of variablespeed hydropower plants have been subject to considerable changes.
I. INTRODUCTION
ARIABLE-SPEED hydro generators (motor-generators in pumped-storage plants) do not need to operate at a constant rotational speed since they are no longer directly connected to the grid. In conventional hydropower plants, in order to produce the grid frequency, rotational speed of the generator and turbine has to be constant. In the case of pumped-storage plants, operation at constant speed means that pumping power cannot be properly adjusted. Variablespeed operation can offer many advantages, both to the power system and to the hydropower plants themselves. This paper aims to address the opportunities and challenges of variable-speed hydropower plants. The most relevant application is pumped-storage hydropower, which is the focus of this paper. In addition, variable-speed operation in small hydropower and in HVDC-connected plants are discussed.
Pumped-storage hydropower plants are the most efficient and practical energy storage systems in large scales with typical overall efficiency in the range 70 to 85% [1] [2] [3] . In the production mode, the plant operates as a conventional hydro plant. In the pumping mode, electrical energy from the grid is consumed to pump the water from the lower reservoir to the upper one. As a mature technology, conventional pumpedstorage plants have been used mainly for balancing the power production and load demand in the grid. Typical operation includes working in the pumping mode during off-peak hours (normally during nights) and in production mode during peak hours. The flexibility of the pumped-storage plants allow large thermal and nuclear power plants to operate most efficiently at their peak production. In many countries, this was the main motivation for the development of pumpedstorage technology in the 1970s [3, 4] . Nowadays, their role in the grid can be much more than that. As intermittent renewable energy sources such as wind and solar are becoming more important, advanced pumped-storage hydropower may be the enabling technology that allows higher penetration of the renewable energies into the grid. Since these variable renewables are difficult to predict, flexible energy storage capacity is needed to improve their integration into the grid. Conventional pumped-storage plants with constant rotational speed are not capable to provide the high degree of flexibility that power system needs in this case. Variable-speed operation of pumped-storage hydropower plants can bring additional flexibility to the power system with offering a variety of valuable ancillary services. In addition to the power system, the hydropower plant itself could substantially benefit from variable-speed operation, including improved efficiency and extended operating range.
It is most common to use reversible pump-turbines in pumped-storage hydropower plants. In this configuration, direction of rotation must be reversed when changing from pumping mode to production mode and vice versa. The emphasis of this paper is the variable-speed operation of reversible pump turbines. Another way to bring additional flexibility to the hydropower plants is to utilize ternary systems. In this configuration, separate pump and turbine are connected to the motor-generator in such a way that there is no need for reversing the direction of rotation when changing the mode of operation. Hence, they could offer a quicker transition time between modes and faster response. In addition, both pump and turbine can be optimized leading to a higher hydraulic efficiency. Operation of ternary systems in "hydraulic short-circuit" makes it possible to also regulate pumping power. Compared to the reversible pump-turbines, drawbacks include high investment costs, larger space requirements, mechanical complexity and high operating and maintenance costs. As indicated in [3] , both variable-speed and ternary systems are considered as "advanced pumpedstorage hydropower". This paper reviews state-of-the-art in variable-speed operation of hydropower plants. The technology status is reported and future trends are discussed. Section II discusses the advantages of variable-speed operation for both power system and hydropower plants. Challenges are addressed in Section III. In Section IV, two main electrical configurations to realize the variable-speed operation are discussed. These include doubly-fed induction machines (DFIM) and converter-fed synchronous machines (CFSM). In addition, 
II. BENEFITS OF VARIABLE SPEED OPERATION
Development of variable-speed pumped-storage plants dates back to early 1990s in Japan, where pioneering achievements took place. The first variable-speed pumpedstorage plants in the world were successfully commissioned in this country during 1990s. The main reason for their development was to reduce the number of large thermal plants operating as reserves during the night, taking advantage of the great flexibility offered by variable-speed pumped storage plants for frequency regulation [5] .
The main advantage that makes variable-speed operation specifically attractive for pumped-storage plants is the ability to control power in the pumping mode. Hence, they can contribute in frequency control in the pumping mode, as well as the production mode. As will be addressed in this section, other ancillary services can also be offered by variable-speed pumped-storage plants to support the reliable and stable operation of the grid.
The application of variable-speed technology in hydropower is however not limited to the pumped-storage plants. In case of HVDC-connected hydropower plants [6] , since the frequency of the generator is not tied to the grid, the operation of the plant can be optimized, adjusting the rotational speed. Therefore, in such hydropower plants, it could be advantageous to employ variable-speed technology. Another application, which could benefit from variable-speed operation, is small hydropower [7] , where head and flow variations can be considerable. With variable-speed technology, it can be possible to replace rather mechanically complex turbines with simpler ones, while keeping the efficiency sufficiently high.
In this section, relevant literatures are reviewed to address the benefits of variable-speed operation of hydropower plants. In Section II-A, benefits to the power system, mainly in the form of ancillary services are discussed. Section II-B reviews the advantages offered by this technology to the hydropower plant, mainly related to hydraulic machinery.
A. Benefits to the Power System
The flexibility and stabilization of the power system can be greatly improved with ancillary services that hydropower plants with variable speed are able to provide. Offering high dynamic control, they increase the controllability in the power system. One obvious advantage for pumped-storage plants is the ability to adjust pumping power and hence contributing to frequency regulation. In fixed-speed system, the pumping power cannot be properly varied and one way to increase the flexibility is to use multiple pumps. Variablespeed solution, however, has distinct advantages over multiple pumps solution; the capability of load balancing is much better and there is no need for frequent start/stop sequences. Variable-speed pumped-storage plants are capable to compensate the production of variable renewables and improve their integration into the grid [3, 8, 9] . Nondispatchable production of these renewables is not the only challenge for this integration. The variable renewable sources do not provide inertia in the same way of classical units and as a result, grid stability problems can be limiting factor for high penetration of renewables [10, 11] . Grid stability can be greatly improved by the ancillary services provided by variable-speed pumped-storage plants. References [3, 5, [10] [11] [12] [13] [14] [15] [16] are among the many papers and reports discussing enhancement of power system stability by variable-speed hydropower plants.
Variable-speed hydropower is claimed not to need any power system stabilizer (PSS) functionality [18] . A comparison between variable-speed hydro system and conventional system with PSS in terms of dynamic behavior is presented in [16] . Isolated grids are in general more sensitive in responding to the frequency deviations and hence pumped-storage plants could have a key role to ensure safe operation of the grid [9, 17] . Flexible pumped-storage plants, particularly equipped with variable-speed technology, can greatly reduce the amount of wind power curtailment [3, 19] .
In variable-speed systems, the output power can be controlled by the converter, in contrast to the conventional hydropower plants where turbine governor has this responsibility [3, 5, 20] . This could lead to very fast and high dynamic power control that can be used to improve power system stability. In this regard, an interesting feature offered by variable-speed operation is instantaneous power injection [13, 15, 21, 22] . In this case, enjoying the fact that rotational speed does not need to be constant, high amount of active power can be injected to the grid by instantaneously reducing the rotational speed (i.e. flywheel effect). This could be particularly advantageous during the disturbances and allow reducing the spinning reserve in the grid [13] .
An example clarifying the role of variable-speed pumpedstorage plants to provide grid supports in disturbances is operation of Okawachi hydropower plant in Japan during an earthquake disaster in 1995 [3, 5] . It is reported that the variable-speed unit absorbed power disturbances in random spikes and satisfactory contributed to maintain grid stability.
As mentioned before, one motivation to introduce variable-speed operation of pumped-storage plants is to provide reserve for frequency control. This could reduce the number of thermal plants operating as reserves for frequency regulation. Flexible operation of pumped-storage plants can create a steadier operation profile for thermal units and reduce their startup/shutdowns and ramping costs [3] . As reported in [5] , for the case of Japan, the most attractive evaluation factor for the adjustable speed operation is reduction of thermal power units to be operated for automatic frequency control at night.
An alternative solution to large-scaled pumped-storage plants is to develop relatively small variable-speed pumpedstorage plants as closest as possible to wind farms, providing decentralized energy storage capacity. As claimed in [11] , this could be a key storage technology for future smart grids.
B. Benefits to the Hydropower Plant
Variable-speed operation offers distinct advantages to the hydraulic machinery and overall performance of the power plant. An important one is to improve the hydraulic efficiency, especially for reversible pump/turbines. The hydraulic machines are optimized for one operating point (i.e. best efficiency point), which is a function of the head, discharge and rotational speed. At fixed-speed, deviations in head and discharge could lead to a reduced efficiency as well as vibration and cavitation problems. Thus, only limited variations of head and discharge are allowed. This is why the hydraulic efficiency could fall rather sharply at partial loads in a fixed-speed system. While the operating range of fixed speed pump-turbines is limited to a ratio of about 1.25 between maximum and minimum head [23, 24] , this could be extended using variable-speed technology (to as high as 1.45 as claimed in [24] ). Variable-speed operation offers a new degree of freedom to obtain an improved efficiency for each point of operation [22, 25, 26] . If the rotational speed can be adjusted, it could be possible to reach an acceptably high efficiency even in the case of large head and discharge variations. In addition, vibration and cavitation problems can be greatly reduced and operating range can be extended. The efficiency gain would strongly depend on the operational conditions and hydrology of the plant. Efficiency improvements are expected to be more considerable in the sites with large head variations and partial load operations. It is also natural to expect more efficiency gains in the plants with single units compared with the plants having multiple units. As stated in [27, 28] , hydraulic efficiency improvement up to 10% could be achieved. In the case of 400 MW Okawachi pumped-storage plant, average efficiency gain of 3% is reported [5] . Fig. 1 shows the typical range of efficiency improvement for hydropower plants when variable-speed technology is employed.
As mentioned earlier, it is most common to use reversible Francis pump-turbines in the pumped-storage plants. In this case, one single hydraulic machine operates as both pump and turbine. Since the hydraulic parameters are different for these two mode of operation, the hydraulic machine cannot have the best efficiency characteristics for both modes. They are normally first designed and optimized as pumps and work with a reduced efficiency in turbine mode [4, 11, 12, 14, 29] . The main reason is that the optimum speed of pumping operation is normally higher than that of turbine operation [4, 11, 27] . This problem can be solved with variable-speed operation so that both pump and turbine can operate at their optimum rotational speed to reach the maximum efficiency.
In small and run-of-a-river hydropower plants with low heads or no reservoirs, discharge rate may change significantly. Mechanically complex Kaplan turbines can be used to maintain an acceptable efficiency in the wide range of head and discharge rates. The alternative solution is to utilize simpler and cheaper propeller turbines equipped with variable speed technology [7, [30] [31] [32] . This technology could help the development of small hydropower where environmental impacts are less significant compared to the large plants.
In addition to the efficiency, the flexibility to choose the optimum speed brings more advantages for the hydraulic machinery. The speed could be adjusted to avoid hazardous operating zones and reduce the cavitation and vibration problems. In fixed-speed systems, partial load operation and specific gate openings (normally around 40-60%) could cause pressure pulsations and results in considerable vibration [3, 27] . This can be considerably reduced in variable-speed operation. As an example, comparison between vibration signals of a reversible Francis pump-turbine with fixed-and variable-speed operation at Yagisawa pumped-storage plant is presented in Fig. 2 [33] . Reduced vibration and cavitation problems could potentially lead to a lower maintenance and increased lifetime. In addition, due to improved cavitation behavior, less submergence may be necessary which leads to a reduced cost of the civil works [11] .
A further advantage of utilizing variable-speed technology in pumped-storage plants is that there is no need to use additional equipment for pumping startup. In conventional plants, frequency converters (previously pony motors) are needed for pumping startup and synchronization.
It should be noted that variable-speed technology does not normally allow a full range of variation (0-100%) in the rotational speed and hence the pumping power. The main limiting factors are cavitation and stability considerations for the hydraulic pump-turbine [3, 11] . Still, considerable improvement in the operating range is feasible even with a limited allowed speed variation [3] . The typical power variation range in pumping mode is about 30-40%.
III. CHALLENGES
The most important challenge for pumped-storage plants, in general, is profitability. New plants need a high investment cost and take a relatively long time to be constructed. They could have negative environmental impacts and new project sites might be limited [1, 20, 34] . Regarding the initial investment, while pumped-storage plants were cost-effective compared to the flexible gas turbines in the past, they cannot be economically competitive anymore [3] . For the case of Norwegian hydropower, however, it is claimed that due to the existing reservoirs, the investment costs for new plants can be greatly reduced [39] .
In addition, gaining revenue from energy arbitrage (i.e. pumping and producing when electricity price is low and high, respectively) is not guaranteed anymore for pumpedstorage plants [3, 35] . In Europe for instance, the price difference between peak and off-peak electricity in the power markets has not been large enough to ensure their profitability [34, 36] . In addition, nowadays, pumped-storage plants have to cope with a more dynamic operation routine, resulting in higher maintenance efforts [34] .
Despite the investment issues, there are changes, mainly in global energy policies, in favor of the flexible pumpedstorage plants. There is an increasing need for energy storage capacity in the grids with high penetration of variable renewable sources. In addition, ancillary services offered by variable-speed pumped-storage plants are becoming more important to support reliable operation of the grid. With a well-defined market for the ancillary services, pumpedstorage plants can gain revenue for a variety of services. However, currently most competitive markets do not pay for some of the advanced services offered by pumped-storage plants [1, 3, 36] . While the added value of pumped-storage plants due to the ancillary services is not well defined in the United States, some areas of Europe have stronger ancillary service markets [1, 3] . Establishing a market for ancillary services makes variable-speed pumped-storage plants more economically attractive. The value of pumped-storage plants depends strongly on the level of renewable energy penetration in the grid. In [3] , a detailed economic study is presented to assess the value of pumped-storage plants in the United States. It is shown that the value increases with higher penetration of variable renewables in the grid. This indicates that in the future power systems, pumped-storage plants will become increasingly valuable.
It should be noted that the abovementioned challenges are related to development of new pumped-storage plants in general. Including variable-speed technology will just slightly increase the total investment costs, while bringing many advantages. As reported in [3] , the incremental costs for incorporating variable-speed capability is in the range of 7-15%, mainly due to the increased costs for electrical equipment. Considering challenges regarding development of new pumped-storage plants, upgrading existing plants to variable-speed technology is gaining attention [20, [40] [41] [42] .
In hydropower plants, there must be careful considerations when utilizing variable-speed technology. A more detailed analysis is needed in the design phase of the hydraulic and electrical equipment in the power plant and the effects of speed variation should be carefully investigated. Since the speed could be varied, there is an increased risk of mechanical resonance in the system that should be considered. For variable-speed systems, more space is required for accommodating power electronics converter and associated cooling equipment. Regarding electrical machines, converter-fed operation could bring more complexity and potentially higher losses, vibration and insulation problems [37, 38] . Another challenge, as will be discussed in Section IV-A, is the operation of the power plant equipped with DFIM system in the case of grid failures.
IV. TECHNOLOGY EVALUATION
In conventional pumped-storage hydropower plants, the electrical machine is directly connected to the grid. Hence, frequency and rotational speed are constant. A method to provide double-speed characteristics in the past was to use pole-changing synchronous machines [4, 29] . These machines are capable to change the number of active poles and are equipped with two separate windings in the stator, corresponding to each pole number. They are apparently heavier and more complex. Needless to say that this technology cannot be attractive today because of very limited speed adjusting capability.
To realize variable-speed operation, two solutions are available; doubly-fed induction machine (DFIM) and converter-fed synchronous machine (CFSM). In short, CFSM has a superior performance but the need for a full-rated converter is the main drawback. This makes DFIM more attractive in high power applications since the size of the converter could be considerably smaller. These two solutions are discussed and compared in this section. Technology status and future trends are also addressed.
A. DFIM
The stator of DFIM is directly connected to the grid, while rotor windings are connected via a frequency converter, using slip rings. By frequency control of the rotor currents, it is possible to have variable-speed operation while the output frequency remains constant. In order to have around ±10% of speed variation, the converter rating does not normally exceed 30% of the rated power. This is the main advantage of a variable-speed system with DFIM, which makes it the preferred configuration for high power rating (higher than 100 MW). Therefore, the cost and losses of the converter can be greatly reduced.
Until recently, cyclo-converter driven DFIM was the most common technology in the variable-speed plants, being used in majority of the existing plants. Thyristor-based Cycloconverter produces a lower frequency three-phase output form the grid. The state-of-the-art technology, however, is voltage source converter (VSC) [15, 29] . VSC offers many advantages compared to the classical cyclo-converter solution, including [1, 4, 13, 15, 29] : simpler structure, capability to regulate reactive power (cyclo-converter absorbs reactive power, making compensation necessary), improved capability to control the machine during faults, no need for additional frequency converter for startup and much lower THD (total harmonic distortion). In terms of power electronic devices, both transistor-based and thyristor-based devices can be used [4, 43] . The latter (e.g. IGCT) are claimed to be best fitted to the high power applications [18, 20, 34, 44] .
For providing variable-speed capability in pumpedstorage plants, the focus has been on DFIM configuration, both in industry and in academia. However, as will be addressed, variable-speed hydropower systems with DFIM have considerable drawbacks compared with systems utilizing CFSM. Use of slip rings is a major drawback. The rotor is mechanically more complex and more expensive than the rotor of a synchronous machine. Because of the rotor complexity, maximum speed of DFIM is normally lower than that of a comparable synchronous machine. In [44] , it is claimed that it could be challenging to use DFIM for sites with a maximal head higher than 600 m. Moreover, startup procedure can be difficult [29, 44, 45] . Due to the limited starting torque, time-consuming and costly dewatering procedure may be necessary.
Performance of DFIM at grid failures and meeting the grid code requirements, specifically low voltage ride through (LVRT), could be challenging [21, 29, 44, 46, 47] . In this situation, the rotor voltage dynamically increases and special protection scheme must be designed to protect the converter [21, 47] . In worst case (i.e. severe short-circuit faults), a crow bar must be activated, short-circuiting the rotor windings, to protect the converter against the overvoltages before the drive is switched off by circuit breakers. In this case, it is impossible to control the DFIM [29] . In fact, improving LVRT capability brings additional complexity and costs. Demanding new grid codes may require the power rating of the converter to be increased [34, 44] .
For upgrading existing plants to variable-speed technology, rotor and exciter system of the synchronous generator must be replaced with the new rotor of DFIM. It might be possible to keep the stator in some cases. It should be noted, though, if fractional-slot windings are utilized in the stator, operation as DFIM could be problematic due to the sub-harmonics and reduced airgap length. In this case, one probable consequence would be considerable increase in the vibration level, as reported in [48] .
B. CFSM
In this configuration, a synchronous machine is connected to the grid via a full-rated converter. Since the machine is decoupled from the grid, a wide range of speed and frequency variations is possible. Obviously, the drawback is the fullrated converter, which could be very expensive and not practical for high power ratings with the current technology. Converter losses could be also an issue. While the efficiency of the synchronous machine is higher than the similar induction machine mainly due to lower rotor losses, higher converter losses makes CFSM less efficient than DFIM system [49] . These problems limits the application of CFSM to the hydropower plants with power ratings below around 100 MW. This limit is expected to pushed to higher power ratings in the future with the advancements in the field of semiconductor devices and converter topologies. It has recently become possible to build frequency converter with a rated power in excess of 100 MVA [42, 44] . As claimed in [44] , with modular multilevel converter (MMC) technology with IGCT devices, it is possible to design converters for very high power ratings (up to 500 MVA). In future, progress in the power electronics may give the chance to CFSM to become the preferred configuration even in high power ratings due to the superior performance over DFIM.
The concept of variable-speed operation in hydropower using CFSM was first introduced for HVDC application using current source converters [6, 27, 38] . Due to remote location of some hydropower plants, HVDC transmission solution might be preferred. HVDC link makes the hydro generator independent from the AC grid and requirement for having constant speed and frequency is lifted. This could result in relaxation of some restrictions imposed by stability requirement, such as minimum inertia [27] . It should be noted, though, that the main motivation for HVDC connection of hydropower plants is transmission benefits and variable-speed operation is a further advantage, leading to improve efficiency and extended operating range. A detailed report regarding variable-speed operation of HVDCconnected plants is presented in [6] . More recently, HVDCconnected hydropower plants utilizing CFSM configuration with VSC are discussed in [50] .
In Small hydropower plants, CFSM configuration is normally preferred over DFIM, due the relatively small power ratings. Furthermore, in the proposed concept of decentralized pumped-storage plants [11] with power rating up to 50 MW, CFSM is employed.
A pioneering project to utilize CFSM system in pumpedstorage plants is reported in [51] , where a 60 MW current source converter is provided between the existing generator and grid to enable variable-speed operation in a hydropower plant with large head variation. Recently, a 100 MW CFSM system equipped with VSC started operation at Grimsel 2 pumped-storage plant in Switzerland [42, 52] .
CFSM has a superior performance over DFIM and offers significant advantages. The startup is easier and faster and can be done in water thanks to the possibility of producing substantial torque at zero speed [44, 52] . Speed and power variations could be larger [34, 44] . CFSM system does not have the limitations in the maximum speed (as DFIM could suffer) and can be utilized for sites with high heads and large head variations [44] . Compared with DFIM, variable-speed system with CFSM offers good LVRT capability and better compliance with grid codes [34, 44, 46, 53] . Converter could be used (while not connected to the machine) as a reactive current static compensator (STATCOM), supplying considerable reactive power to the grid [44] . In addition, a CFSM configuration is more suitable to be utilized for upgrading the existing plants. With respect to the design of the synchronous machine, lifting the requirement of rotational speed and frequency could initiate a new design strategy for the generator in order to achieve optimized operation [54] .
In CFSM configuration and in contrast to DFIM topology, a switch can be provided to bypass the converter if needed [9, 42, 44] . The most relevant case is when hydraulic efficiency gain because of the variable-speed operation does not compensate converter losses. Due to this reason, converter is bypassed in the production mode at Grimsel 2, as reported in [42] .
C. Current Status and Future Trends
According to [1] , out of 270 pumped-storage plants in the world (either operating or under construction), 36 units consists of variable-speed systems, 17 of which are currently in operation. In Europe, 38% of total pumped-storage capacity planned to be installed until 2020 belongs to variable-speed hydropower plants [55] . Most of the operating variable-speed pumped-storage plants are located in Japan and Europe is in the second position. Currently, there is no variable-speed pumped-storage plant operating in the United States but as reported in [3] , many of approximately 50 proposed projects (in various stage of planning and licensing) are considering variable-speed technology.
Since early 1990s when the development of variable-speed pumped-storage plants started in Japan, DFIM configuration has been the preferred technology for high power ratings. This is also the case for most of the plants under construction. The main reason, as mentioned before, is the reduced size of the converter compared to the CFSM technology. List of existing and planned large pumped-storage plants with DFIM can be found in [3] .
Advancements in the DFIM systems have been mainly related to the frequency converter. The development of the variable-speed pumped-storage hydropower plants was started with thyristor-based cyclo-converters. Today, the preferred topology is voltage source converters (VSC). With utilization of modern semiconductor devices (e.g. IGCT, IGBT and IEGT), significant improvements have been achieved in the design and operation of power electronic converters. Regarding electrical machines, DFIM can be now utilized in sites with higher rotational speed requirements. As reported in [20] , DFIM with world's highest rated speed of 576 to 624 rpm was installed in 340 MW pumped-storage plant in Japan in 2007. Pump head is more than 700 meters, while rotor weight exceeds 400 tons.
In contrast to the established and mature DFIM technology, CFSM configuration is still in the early development stage to be used in hydropower plants with high power ratings. Experiences from the operation of a 100 MW CFSM system in Grimsel 2 have been promising [42] . Fig. 3 shows the full-rated converter of installed CFSM system in this power plant. Even though it is not yet economically beneficial to utilize full rated converters for high power ratings, the situation is expected to change in the future. Advancement in power electronics (including development of SiC devices) makes it possible to design converters with higher power ratings [56] . In [44] , it is claimed that very high power ratings (up to 500 MVA) is achievable using modular multilevel converters and IGCT. For the future variablespeed systems in hydropower, CFSM configuration is expected to be the preferred technology even for high power ratings.
V. CONCLUSION
In this paper, challenges and opportunities of variablespeed operation of hydropower plants are discussed. Relevant applications of variable-speed technology in hydropower are addressed, most important one being pumped-storage plants. Significant benefits that variable-speed operation can offer to both power system and hydropower plants are listed. Two configurations (i.e. DFIM and CFSM) to enable variablespeed operation are discussed and compared. It is addressed that CFSM has a superior performance compared to DFIM, but the need for a full-rated converter is the main drawback for this configuration. Due to the advancement in the field of power electronics, CFSM configuration is expected to be the preferred technology in the future, even for the high power ratings.
